1. Introduction {#sec1-ijms-20-06361}
===============

In spite of the relatively brief history of sphingosine-1-phosphate (S1P) as a biologically active lipid mediator, numerous reports highlight its major regulatory function in embryogenesis \[[@B1-ijms-20-06361],[@B2-ijms-20-06361]\], the immune system and inflammation \[[@B3-ijms-20-06361],[@B4-ijms-20-06361],[@B5-ijms-20-06361]\], the cardiovascular system \[[@B6-ijms-20-06361],[@B7-ijms-20-06361],[@B8-ijms-20-06361],[@B9-ijms-20-06361],[@B10-ijms-20-06361]\], the nervous system \[[@B11-ijms-20-06361],[@B12-ijms-20-06361],[@B13-ijms-20-06361]\], oncogenesis \[[@B14-ijms-20-06361],[@B15-ijms-20-06361],[@B16-ijms-20-06361],[@B17-ijms-20-06361]\], as well as cellular motility and migration \[[@B18-ijms-20-06361],[@B19-ijms-20-06361],[@B20-ijms-20-06361],[@B21-ijms-20-06361]\]. In the cardiovascular system, S1P has been implicated in the regulation of vasculo- and angiogenesis \[[@B22-ijms-20-06361],[@B23-ijms-20-06361]\] and endothelial barrier function \[[@B24-ijms-20-06361],[@B25-ijms-20-06361],[@B26-ijms-20-06361]\]. The role of S1P in regulating vascular tone remains controversial because studies conducted in different vascular regions of various animal species have often produced contradictory results \[[@B10-ijms-20-06361]\]. Some publications reported a vasodilator effect of S1P \[[@B27-ijms-20-06361],[@B28-ijms-20-06361],[@B29-ijms-20-06361],[@B30-ijms-20-06361],[@B31-ijms-20-06361]\], whereas others observed vasoconstriction and increased vascular tone as a result of S1P administration in different vascular regions \[[@B32-ijms-20-06361],[@B33-ijms-20-06361],[@B34-ijms-20-06361],[@B35-ijms-20-06361],[@B36-ijms-20-06361],[@B37-ijms-20-06361]\]. In the present study, we hypothesized that the variability of S1P effects might be due in part to the absence or presence of other vasoactive mediators.

Data from previous studies indicate that the vascular effect of S1P is highly dependent on other concomitant factors and conditions. For example, the integrity or damage of the endothelium, the presence of different cells adhering to the endothelium, and the substances these adherent cells release might significantly modulate the S1P effect. In addition, specific characteristics of regional blood flow regulation can also modify the effect of S1P on vascular tone, leading to different effects of S1P in the pulmonary, uterine, splanchnic, and cerebral circulation systems \[[@B9-ijms-20-06361],[@B31-ijms-20-06361],[@B38-ijms-20-06361],[@B39-ijms-20-06361],[@B40-ijms-20-06361],[@B41-ijms-20-06361]\]. Highly variable expression S1P receptors, and the coupling of S1P receptors to multiple intracellular signaling pathways, are further complicating factors \[[@B6-ijms-20-06361],[@B42-ijms-20-06361]\]. These factors might also be responsible for activating the same receptor subtype, resulting in multiple divergent effects of S1P in different organs and vascular regions \[[@B7-ijms-20-06361],[@B9-ijms-20-06361]\].

It is generally accepted that, of the five S1P receptors subtypes, S1P1, S1P2 and S1P3 are expressed most abundantly in the cardiovascular system. Activation of S1P1 and S1P3 has been shown to induce endothelium-dependent vasodilation \[[@B9-ijms-20-06361],[@B32-ijms-20-06361]\]. However, in cerebral arteries, vasoconstriction has been linked to S1P3 activation \[[@B41-ijms-20-06361]\]. Some publications on the vascular effects of S1P reported the results of in vitro experiments, whereas others described the results of in vivo studies. Results from in vivo studies tend to show higher variability, supporting the notion that, under these conditions the effect of S1P is influenced by a multitude of different co-existing factors.

In pilot experiments, we found that the vasoconstrictor effect of S1P was markedly enhanced with concomitant α~1~-adrenoreceptor activation. Based on these observations, we hypothesized that S1P might sensitize vessels to α~1~-adrenergic stimulation, and consequently, vasoactivity of S1P might be highly dependent on the sympathetic tone under in vivo conditions. Our results support this hypothesis by demonstrating an interaction between S1P with α~1~-adrenoreceptor agonists and also demonstrate the role of the S1P2--G~12/13~ --Rho-associated protein kinase (ROCK) signaling pathway in mediating the effect of S1P.

2. Results {#sec2-ijms-20-06361}
==========

First, we aimed to characterize the vasoactive effects of S1P in our experimental model. In phenylephrine (PE) precontracted mouse aortic segments, S1P usually evoked a tri-phasic response consisting of a transient constriction followed by a marked relaxation and finally a tonic constriction ([Figure 1](#ijms-20-06361-f001){ref-type="fig"}A). In order to dissect the relaxant and constrictor components of the response, we tested the effects of S1P in vessels of endothelial nitric oxide synthase knockout (eNOS KO) animals, as endothelial NO has been reported to mediate S1P-induced vasorelaxation \[[@B9-ijms-20-06361],[@B32-ijms-20-06361]\]. In the absence of eNOS, S1P evoked strong and sustained vasoconstriction ([Figure 1](#ijms-20-06361-f001){ref-type="fig"}B). In order to gain in depth insight into the vasoconstrictor effect, these experiments were repeated with administration of S1P on the resting tone (RT) of the vessels. Interestingly, S1P induced only minor vasoconstriction in both wild-type (WT) ([Figure 1](#ijms-20-06361-f001){ref-type="fig"}C) and eNOS KO ([Figure 1](#ijms-20-06361-f001){ref-type="fig"}D) vessels. Taken together, these observations indicated that S1P is a weak vasoconstrictor by itself. However, it can significantly enhance the contractile effect of α~1~-adrenoreceptor stimulation ([Figure 1](#ijms-20-06361-f001){ref-type="fig"}E).

To further test this hypothesis, we designed experiments to evaluate α~1~-adrenoreceptor-mediated vasoconstriction before and after incubation of the vessels with S1P. Indeed, PE-induced vasoconstriction of the vessels increased markedly after exposure to S1P ([Figure 2](#ijms-20-06361-f002){ref-type="fig"}).

It is important to note that the potentiating effect of S1P on PE-induced contraction was observed after washing S1P out of the organ chamber. Statistical analysis revealed that the E~max~ value of the PE effect increased and the EC~50~ decreased significantly after S1P ([Figure 3](#ijms-20-06361-f003){ref-type="fig"}A), whereas the vehicle of S1P failed to induce any changes ([Figure 3](#ijms-20-06361-f003){ref-type="fig"}B). Because the S1P effects were reported to be highly vehicle-dependent in a recent study \[[@B43-ijms-20-06361]\], we repeated our experiments using albumin as a carrier of S1P. Consistent with previous findings, S1P increased both the potency and efficiency of PE-induced vasoconstriction ([Figure 3](#ijms-20-06361-f003){ref-type="fig"}C), whereas its vehicle produced no effect ([Figure 3](#ijms-20-06361-f003){ref-type="fig"}D).

Our next aim was to identify the receptor subtype mediating S1P-induced potentiation of α~1~-adrenergic vasoconstriction. Previous studies showed that both S1P2 and S1P3 receptors can mediate the effects of S1P on vascular smooth muscle cells \[[@B9-ijms-20-06361],[@B32-ijms-20-06361]\]. Therefore, we tested vessels isolated from S1P2 KO and S1P3 KO animals and their corresponding controls. Control vessels showed marked potentiation of PE-induced vasoconstriction after incubation with S1P ([Figure 4](#ijms-20-06361-f004){ref-type="fig"}A,C) resembling our previous observations in WT vessels ([Figure 3](#ijms-20-06361-f003){ref-type="fig"}A). In contrast, the potentiating effect of S1P failed to develop in S1P2 KO ([Figure 4](#ijms-20-06361-f004){ref-type="fig"}B), whereas it remained unaltered in S1P3 KO vessels ([Figure 4](#ijms-20-06361-f004){ref-type="fig"}D). These observations unambiguously indicate the exclusive role of S1P2 in mediating the enhanced response to PE. Interestingly, the contractile effect of PE already appeared to be higher before S1P administration in S1P2 KO vessels as compared with the controls. In order to test whether this hyperreactivity could by itself prevent further potentiation of the contractile response by S1P, we evaluated the effects of the thromboxane prostanoid receptor agonist U46619 on α~1~-adrenergic vasoconstriction. As U46619 was able to potentiate the effects of PE in S1P2 KO vessels ([Figure 4](#ijms-20-06361-f004){ref-type="fig"}E). We can conclude that these vessels did not lose their ability to develop hyperreactivity upon certain stimulation ([Figure S1](#app1-ijms-20-06361){ref-type="app"}).

In order to identify the intracellular signaling pathway mediating the effects of S1P, vessels deficient for Gα~12~ and Gα~13~ proteins in smooth muscle cells were examined. Whereas control vessels showed the potentiating effect of S1P on α~1~-adrenergic vasoconstriction ([Figure 5](#ijms-20-06361-f005){ref-type="fig"}A), this effect was abolished completely in vascular segments of G~12/13~ KO mice ([Figure 5](#ijms-20-06361-f005){ref-type="fig"}B), indicating the major role of G~12/13~ signaling in S1P-induced vascular hyperreactivity.

As G~12/13~ proteins are often linked to the Rho--Rho-kinase (ROCK) signaling pathway, we hypothesized that ROCK was involved in S1P-induced modulated vascular reactivity. Indeed, the ROCK inhibitor Y-27632 prevented the development of S1P-induced potentiation ([Figure 6](#ijms-20-06361-f006){ref-type="fig"}B), whereas its vehicle showed no effect ([Figure 6](#ijms-20-06361-f006){ref-type="fig"}A). In addition, the structurally-unrelated ROCK inhibitor fasudil was also able to prevent S1P-induced hyperreactivity ([Figure S2](#app1-ijms-20-06361){ref-type="app"}), proving the major role of ROCK in mediating the effect of S1P.

In all the aforementioned experiments, S1P-induced changes of α~1~-adrenergic vasoconstrictions were evaluated after washing out S1P from the organ chambers. Thus, exposure to S1P but not its continued presence induced changes in vascular reactivity. Therefore, an intriguing question was addressed: What duration of S1P exposure elicited enhancement of vascular reactivity? Interestingly, enhanced PE-induced contractions were detected for three hours after exposure to S1P but not to its vehicle ([Figure 7](#ijms-20-06361-f007){ref-type="fig"}A,B). In addition, similar to our observations in short-term experiments, this long-lasting vascular hyperreactivity failed to develop in S1P2 KO but remained unaltered in S1P3 KO vessels ([Figure 7](#ijms-20-06361-f007){ref-type="fig"}C).

3. Discussion {#sec3-ijms-20-06361}
=============

Contradictory reports have been published in the literature on the effect S1P has on vascular tone. Several reports described S1P-induced vasoconstriction, whereas others indicated vasodilation \[[@B9-ijms-20-06361],[@B32-ijms-20-06361],[@B44-ijms-20-06361],[@B45-ijms-20-06361]\]. We also observed the vasorelaxant effect of S1P in precontracted murine thoracic aortas, which disappeared in eNOS KO vessels, indicating that the effect is mediated by endothelium-derived NO. Other studies have also reported a vasodilator effect of S1P via NO formation. For example, S1P was shown to increase NO production in cultured HUVEC \[[@B24-ijms-20-06361]\] and in bovine lung microvascular endothelial cells \[[@B28-ijms-20-06361]\]. Dantas et al. reported pertussis toxin (PTX)-sensitive eNOS activation by S1P in rat mesenteric arterioles \[[@B29-ijms-20-06361]\].

There are divergent data in the literature concerning the receptor subtype mediating S1P-induced eNOS-dependent vasodilation. S1P was found to activate eNOS and promote NO release in rodent aortic rings, which proved to be mediated by S1P3 in mice \[[@B31-ijms-20-06361],[@B46-ijms-20-06361]\]. A possible contribution of S1P1 has also been proposed. However, the lack of highly selective antagonists makes these results somewhat ambiguous \[[@B47-ijms-20-06361]\]. On the other hand, S1P elicited eNOS activation in COS-7 cells in an S1P1-dependent manner \[[@B30-ijms-20-06361]\]. Furthermore, VEGF was shown to increase S1P1 expression in aortic endothelial cells hyperreactivity and pretreatment of isolated vessels with VEGF-enhanced S1P-dependent vasodilation \[[@B48-ijms-20-06361]\]. In rat mesenteric arterioles, S1P-induced dilatation inhibited the PI3K inhibitor wortmannin, and eNOS phosphorylation at Ser 1179 appeared to mediate the effect \[[@B29-ijms-20-06361]\]. On the other hand, S1P1 agonist SEW2871 failed to induce any relaxation in the basilar, femoral, or mesenteric arteries of rats \[[@B47-ijms-20-06361]\].

Reports on the vasoconstrictor effect of S1P and its signal transduction are also controversial. For example, S1P at a relatively high (micromolar) concentration was found to have a mild constrictor effect on isolated porcine pulmonary artery rings, whereas no S1P effect was observed at the same concentration in the aortas of the same species \[[@B49-ijms-20-06361]\]. It was also reported that S1P induces contraction in isolated rat mesenteric and intrarenal vessels \[[@B46-ijms-20-06361]\] and in canine coronaries \[[@B38-ijms-20-06361]\], whereas vasoconstriction did not appear in rat carotid and femoral arteries \[[@B50-ijms-20-06361]\] or in rat aortas \[[@B33-ijms-20-06361]\]. Considerably lower S1P concentrations were reported to have a vasoconstrictor effect in canine, rat, murine and leporine basilar and middle cerebral arteries \[[@B36-ijms-20-06361],[@B41-ijms-20-06361]\] and in rat portal veins \[[@B51-ijms-20-06361]\]. Thus, the vascular effect of S1P appears to depend on the experimental animal species and on the vascular region, organ and tissues within the given species, as well as the local concentration of S1P. A further complicating issue is the use of different vehicles of S1P in these studies. It has been shown recently that the carrier of S1P may significantly modulate its biological effect, partly by biased agonism \[[@B43-ijms-20-06361],[@B52-ijms-20-06361],[@B53-ijms-20-06361],[@B54-ijms-20-06361],[@B55-ijms-20-06361]\]. In our study, similar effects of S1P were observed in the absence and presence of albumin indicating that S1P may effectively bind to vascular smooth muscle S1P2 receptors even without any carriers.

There are many divergent results concerning the concentration of S1P in the circulatory system. The range of 100 nM--10 μM has been proposed depending on the species studied and the analytical method applied \[[@B56-ijms-20-06361]\]. S1P is present at a concentration of approximately 100 nM in human lymph, whereas it has been reported to be as high as 1 μM in plasma \[[@B57-ijms-20-06361]\]. Cells responsible for the systemic production of S1P are mainly the erythrocytes \[[@B50-ijms-20-06361],[@B58-ijms-20-06361]\]. However, it has been reported that in the course of platelet activation, substantial amounts of S1P are released, leading to an elevation in its local concentration \[[@B59-ijms-20-06361],[@B60-ijms-20-06361],[@B61-ijms-20-06361]\]. Thus, the S1P concentration of 5 µM applied in our experiments can rise locally, due mainly to platelet activation. Therefore, the vascular effects described in our present study are likely to develop in vascular disorders associated with platelet activation as has been shown during acute myocardial infarct and stroke.

The main finding of the present study is the demonstration of S1P-induced vascular hyperreactivity to α~1~-adrenergic stimulation of vascular smooth muscle cells. Our experiments revealed that the signaling pathway involves S1P2 receptor activation, followed by activation of G~12/13~ proteins, and consequently that of ROCK. This conclusion is supported by our observations that the potentiating effect of S1P is absent in the absence of S1P2 receptors or G~12/13~ proteins and can be abolished by the ROCK inhibitor Y-27632 and fasudil. Therefore, it is most likely that S1P treatment via activation of the ROCK pathway inhibits myosin phosphatase leading to a maintained state of myosin phosphorylation \[[@B62-ijms-20-06361],[@B63-ijms-20-06361]\].

This conclusion is consistent with previous findings indicating the role of ROCK in S1P-induced contraction in the pulmonary, uterine and skeletal muscle vasculature \[[@B64-ijms-20-06361],[@B65-ijms-20-06361],[@B66-ijms-20-06361]\]. The intracellular pathways activated by S1P and α~1~-adrenergic receptors finally meet in the cross-bridge cycle where α~1~-adrenergic signaling drives myosin phosphorylation, whereas S1P2 signaling induces retention of the phosphorylated state of myosin, maintaining the active cross-bridge cycle and allowing for the development of sustained vasoconstriction ([Figure 8](#ijms-20-06361-f008){ref-type="fig"}). This interaction between α~1~-adrenergic and S1P2 signaling may be most relevant in the case of increased sympathetic activity in vascular regions expressing α~1~-adrenoreceptors. This conclusion is supported by the observation that PE-induced hypertension is significantly attenuated in S1P2 KO mice. In addition, mesenteric and renal blood flow increased significantly, whereas PE-induced elevation of vascular resistance was attenuated in anesthetized S1P2 KO mice, indicating decreased contractility in these vascular regions to α-adrenergic stimulation in vivo \[[@B67-ijms-20-06361]\].

Finally, in order to study the duration of S1P-induced vascular hyperreactivity, identical doses of PE were applied at 20-minute intervals, and the magnitude of contraction responses was measured in WT, S1P2 KO or S1P3 KO vessels. On the one hand, our results confirmed that the effect of S1P is mediated by S1P2; on the other hand, the hyperreactivity was shown to be persistent, since the increase in contraction responses to PE remained detectable even three hours post-treatment in WT and S1P3 KO vessels. Taking into account that (i) large amounts of S1P may be released in the course of localized platelet activation, and (ii) the S1P effect identified in our work proved to be persistent, we propose that the mechanism described above may contribute to sustained vasoconstriction or even vasospasm in conditions associated with localized platelet activation and increased sympathetic tone such as what occurs during myocardial infarction and stroke. Therefore, the S1P2--G~12/13~--ROCK pathway appears to be a promising therapeutic target in thromboembolic disorders of the cardiovascular system \[[@B42-ijms-20-06361]\].

4. Materials and Methods {#sec4-ijms-20-06361}
========================

All procedures were carried out according to the guidelines of the Hungarian Law of Animal Protection (28/1998) and were approved by the National Scientific Ethical Committee on Animal Experimentation (PEI/001/2706-13/2014, approval date: 17 December 2014).

4.1. Animals {#sec4dot1-ijms-20-06361}
------------

C57BL/6 (WT) and eNOS knockout (eNOS KO) mice originated from Charles River Laboratories (Isaszeg, Hungary). S1P2 and S1P3 receptor-deficient animals (S1P2 KO; S1P3 KO) were generated and provided by Richard L. Proia (NIDDK, NIH, MD, USA). The G~12/13~ protein knockout (G~12/13~ KO) mouse line was described earlier \[[@B68-ijms-20-06361]\]. Each mouse line had a C57BL/6 genetic background. As the eNOS KO and S1P3 KO strains have been back-crossed more than six times, age-matched WT animals of the C57BL/6 line served as controls. In the case of the S1P2 KO and G~12/13~ KO strains, animals originating from the same lines were tested as controls, with S1P^+/+^ and Gα~12~^+/+^/Gα~13~^fl/fl^ genotypes, respectively. Animals were housed in a temperature and light controlled room (12 h light-dark cycle, lights on at 7:00 a.m.), with free access to food and water.

4.2. Preparation of Vessels {#sec4dot2-ijms-20-06361}
---------------------------

For isolation of thoracic aortas, adult male mice were perfused transcardially with 10 mL heparinized (10 IU/mL) Krebs solution under deep ether anesthesia as previously described \[[@B69-ijms-20-06361]\]. After removal, the aorta was cleaned of fat and loose connective tissue under a dissection microscope (M3Z; Wild Heerbrugg AG, Gais, Switzerland). Approximately 3-mm-long vascular segments were prepared and mounted on two parallel, horizontal stainless steel vessel wires (200 μm in diameter) of a myograph (610 M Multi Wire Myograph System; Danish Myo Technology A/S, Aarhus, Denmark). During preparation and mounting, special care was taken to preserve the integrity of the endothelium. Vessel rings were immersed in Krebs solution of the following composition (in mM): 119 NaCl, 4.7 KCl, 1.2 KH~2~PO~4~, 2.5 CaCl~2~·2H2O, 1.2 MgSO~4~·7H2O, 20 NaHCO~3~, 0.03 EDTA, and 10 glucose. Tissue baths were continuously bubbled with carbogen (95% O~2~ and 5% CO~2~), the temperature was set at 37 °C, and the pH was 7.4.

4.3. General Myography Protocol {#sec4dot3-ijms-20-06361}
-------------------------------

During the experiments, the chambers of the myographs were filled with 6 ml Krebs solution and continuously aerated with carbogen gas. Every experiment started with a 30-minute resting period while the bath temperature reached 37 °C and the resting tone of the vessels was stabilized at 15 mN, which was determined to be optimal in a previous study \[[@B69-ijms-20-06361]\]. We used different types of protocols for investigating the vasorelaxant and vasoconstrictor effects of S1P in this study. Nevertheless, in order to examine the reactivity and viability of the blood vessels, the same steps were taken at the beginning of each experiment. After the resting period, vessels were exposed to 124 mM K^+^ Krebs solution for one minute. This was followed by a series of washes with standard Krebs solution to reach the resting tone (15 mN). Then, the reactivity of the vessels was tested by administration of 10 μM PE and 0.1 μM acetylcholine (ACh). After multiple washings, when the tone of the vessels returned to the resting value, segments were exposed to 124 mM K^+^ Krebs solution for three minutes to elicit a maximal reference contraction. Thereafter, when the vessels had returned to resting tone, increasing concentrations of PE (0.1 nM to 10 μM) and Ach (1 nM to 10 μM) were given, in order to check smooth muscle activity and the integrity of the endothelium. This was also followed by a washing period.

4.4. Protocol for Testing the Direct Vasoactive Effect of S1P on Resting Tone and after PE Precontraction {#sec4dot4-ijms-20-06361}
---------------------------------------------------------------------------------------------------------

The following protocol was used to examine the direct effect of S1P on the resting and the PE-induced vascular tone. Following the steps described above, S1P or NaOH was administered either on the resting tone or after precontraction by PE. Substances were left in the baths for 20 min to produce their effect, followed by repeated washing. At the end of the experiment, the vitality of the vessels was retested by administration of 124 mM K^+^.

4.5. Protocol for Testing the Short-Term Effect of S1P on α~1~-Adrenergic Vasoconstriction {#sec4dot5-ijms-20-06361}
------------------------------------------------------------------------------------------

In order to investigate the short-term effect of S1P on α~1~-adrenergic vasoconstriction, two PE dose-response curves were taken. After the first PE administration, the resting value of the vascular tone was restored by repeated washings. Thereafter, the vessels were exposed to S1P (5 µM) or its vehicle for 20 min. In most of the experiments 0.3 N NaOH was the vehicle of S1P. However, in a subset of experiments, 5% albumin was used in order to determine its potential influence on the effects of S1P. In part of the experiments, Y-27632 (2 µM) or fasudil (10 µM) was simultaneously applied with S1P. In a subset of the experiments, the thromboxane A~2~ analog U46619 (1 nM) was applied instead of two S1P PE dose-response curves, to examine if vasoconstriction can be enhanced by an S1P receptor-independent, the Rho kinase-dependent mechanism.

4.6. Protocol for Testing the Long-Term Effect of S1P on α~1~-Adrenergic Vasoconstriction {#sec4dot6-ijms-20-06361}
-----------------------------------------------------------------------------------------

In our experiments, designed to explore the durability of the potentiating effect of S1P, the protocol was modified as follows. Following the initial evaluation of the reactivity of the vascular segments as described above, vasoconstrictive responses were provoked by repeated administration of PE every 20 min. After the response reached a stable level during three consecutive administrations, the vessels were exposed to S1P (5 µM) or its vehicle NaOH (0.3 N) for 20 min. Thereafter, the administration of PE was repeated every 20 minutes for three hours. At the end of the experiment, the vitality of the vessels was tested by administering 124 mM K^+^.

4.7. Reagents {#sec4dot7-ijms-20-06361}
-------------

Sphingosine-1-phosphate, U46619, and Y-27632 were purchased from Cayman Chemical Company (Ann Arbor, MI, USA). Fasudil hydrochloride, albumin, and all other drugs and chemicals used in the present study were purchased from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions were made by dissolving the chemicals in 0.3 N sodium hydroxide (S1P), in 5% charcoal treated albumin (S1P), DMSO (U46619), distilled water (Y-27632, fasudil), or isotonic salt solution (PE, ACh).

4.8. Data Analysis {#sec4dot8-ijms-20-06361}
------------------

The MP100 System and AcqKnowledge 3.72 software from Biopac System, Inc. (Goleta, CA, USA) were used to record and analyze changes in the vascular tone. All data are presented as mean ± SE; "*n*" indicates the number of vessels tested in myograph experiments. For the statistical analysis, GraphPad Prism software (v.6.07; GraphPad Software Inc., La Jolla, CA, USA) was used. Dose-response curves for PE were plotted with responses expressed as percentage of the reference contraction induced by 124 mM K^+^ Krebs solution. Nonlinear regression was applied to compare the dose-response curves and determine E*max* and EC50 values. Student's unpaired t-test was used when comparing the two variables. Unless otherwise indicated, all other comparisons between the different experimental groups were performed using ANOVA, followed by Tukey's or Bonferroni's *post hoc* tests. *p* \< 0.05 was considered to be statistically significant.

The authors are grateful to Ildikó Murányi for expert technical assistance as well as Nathan Glen and Erzsébet Fejes for critically reading the manuscript.

Supplementary materials can be found at <https://www.mdpi.com/1422-0067/20/24/6361/s1>.
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![Effects of S1P on the vascular tone (**A--D**). Representative recordings of thoracic aorta (TA) segments prepared from WT and eNOS KO mice. "PE" and "S1P" marks administration of phenylephrine (PE) and sphingosine-1-phosphate (S1P), respectively. "W" denotes wash-out with fresh Krebs solution. In precontracted WT segments, S1P evoked an immediate, transient vasoconstriction, then a marked vasorelaxation, followed by sustained vasoconstriction (**A**). In contrast, S1P elicited a very strong vasoconstriction without vasorelaxation in eNOS KO vessels (**B**). S1P applied on the resting tone (RT) without PE-induced precontraction resulted in only minor changes of vascular tone (**C**,**D**). Statistical analysis of the vasoactive effects of S1P applied on the resting tone (RT) or after precontraction (PC) (**E**). \* *p* \< 0.01; 2-way ANOVA with Tukey's *post hoc* test (*n* = 21--26).](ijms-20-06361-g001){#ijms-20-06361-f001}

![Original recording demonstrating the potentiating effect of S1P on PE-induced vasoconstriction in TA segments prepared from WT mice. "PE", "S1P", and "K^+^"denotes administration of the corresponding compounds and 124 mM potassium, respectively. "W" denotes wash-out with fresh Krebs solution. PE was administered at increasing concentrations (0.1 nM--10 µM) enabling the evaluation of the dose-response-relationship. Between two PE administrations, S1P (5 µM) was applied for 20 min followed by W.](ijms-20-06361-g002){#ijms-20-06361-f002}

![Effects of S1P (**A**,**C**) or its vehicle, (0.3 N NaOH or 5% albumin) (**B**,**D**) on α~1~-adrenoceptor-mediated vasoconstriction. Administration of S1P increased the contraction responses to PE. As a result, the dose-response curve shifted to the left and upwards resulting in increased E~max~ and decreased logEC~50.~ This indicates that both the potency and efficacy were increased after incubation with S1P. The potentiating effect did not appear after incubation with vehicle. \* *p* \< 0.05 vs. before S1P (*n* = 5--41).](ijms-20-06361-g003){#ijms-20-06361-f003}

![Identification of the receptor that mediates the potentiating effects of S1P. Following administration of S1P, the α~1~-adrenoceptor-mediated vasoconstriction increased markedly in S1P2 CTRL (**A**) but not in S1P2 KO vessels (**B**). In contrast, deletion of S1P3 failed to influence the effect of S1P (**C**,**D**). \* *p* \< 0.05 vs. before S1P (*n* = 8--25).](ijms-20-06361-g004){#ijms-20-06361-f004}

![Identification of the G-protein involved in the signal transduction pathway mediating the potentiating effect of S1P. In G~12/13~ control (G~12/13~ CTRL vessels), the potentiating effect of S1P was clearly detectable (**A**), whereas the lack of G~12/13~ proteins (G~12/13~ KO) completely abolished it (**B**). \* *p* \< 0.05 vs. before S1P (*n* = 13--22).](ijms-20-06361-g005){#ijms-20-06361-f005}

![Downstream signaling of the potentiating effect of S1P. Co-administration of the ROCK inhibitor Y-27632 (2 µM) eliminated the potentiating effect of S1P (**B**), whereas its vehicle failed to influence the effect of S1P (**A**). \* *p* \< 0.05 vs. before S1P (*n* = 4--15).](ijms-20-06361-g006){#ijms-20-06361-f006}

![Long-term vascular effect of S1P. In TA segments prepared from WT mice repeated vasoconstriction responses to PE were enhanced after administration of S1P, and they remained elevated for three hours after the treatment. This effect did not occur if segments were treated with the vehicle (**A**,**B**). \*\*\* *p* \< 0.001, \*\*\*\* *p* \< 0.0001 vs. 0 min; Two-way ANOVA with Tukey's *post hoc* test; (*n* = 15--18). Our next aim was to identify the receptor mediating the sustained potentiating effect of S1P on PE-induced contractions. Lack of S1P2 but not that of S1P3 abolished the S1P-induced increase in PE-mediated vasoconstrictions (**C**). S1P and PE were applied at 5 μM and 0.1 μM, respectively. \* *p* \< 0.05 vs. 0 min; \# *p* \< 0.05 vs. Control; Two-way ANOVA with Tukey's *post hoc* test; (*n* = 15--28).](ijms-20-06361-g007){#ijms-20-06361-f007}

![Scheme of the signaling pathway of S1P-elicted potentiation of α~1~-adrenergic vasoconstriction. Vasoconstriction induced by α~1~-adrenoreceptor activation is mediated exclusively by G~q/11~ signaling, which provokes intracellular Ca^2+^-release through PLC-derived IP~3~ production and consequent activation of myosin light chain kinase (MLCK) leading to activation of the cross-bridge cycle \[[@B61-ijms-20-06361]\]. Meanwhile, S1P activates S1P2 receptors and the associated signaling pathway, involving G~12/13~ proteins, RhoA, and ROCK. In turn, ROCK inhibits myosin light chain phosphatase (MLCP), resulting in the retention of the phosphorylated state of myosin, which maintains the active cross-bridge cycle and allows for the development of sustained vasoconstriction. Signaling molecules identified in our previous \[[@B68-ijms-20-06361]\] and present studies are highlighted.](ijms-20-06361-g008){#ijms-20-06361-f008}
